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We describe how the angular analysis of vector- vector final states in B decays provides theoretically clean techniques for determination of 
CP violating phases. The quantity sin"(2yS + y) can be cleanly obtained from the time dependent study of decays such as Bj(t) — > D'-p"^, 

D*-aJ etc. Similarly, one can use 6^(0 —> D'^-K"^ to extract sin^ j. A time independent study of the charged decay modes B- — > D*°K"^ 
can also be used to extract y. 



1 Why look at W modes for determining 
CPV Phases? 

A precise determination of all CP violating angles [ Q] is 
one of the major goals of the current and future B Physics 
experiments. The measured values of these angles may 
be consistent with the standard model (SM) predictions, 
or they may indicate the presence of physics beyond the 
standard model. Early indications are that new physics, 
if present, is likely to have rather small effects on the an- 
gles of the unitarity triangle. Hence, to uncover any new 
physics, it is extremely important that all the CP violating 
angles be determined without theoretical uncertainties. 

In the early days of the field, it was thought that the CP 
angles could be easily measured in B°(0 tt'^tt^ (a), 
B^lit) -» "VKs OS), and B°(r) ^ pK^ (y). However, it soon 
became clear that things would not be so easy: the pres- 
ence of penguin amplitudes [ "2l makes the extraction of a 
from — > TT+TT" quite difficult, and completely spoil the 
measurement of y in B^^{t) — » pKs . In fact, determining y 
through techniques which are theoretically clean as well as 
experimentally feasible has been a challenge. 

The problem of penguin pollution can be avoided by con- 
sidering decay modes that involve only tree amplitudes. 
In this talk we first indicate the practical problems en- 
countered by most of the clean methods to determine y, 
using pseudoscalar-pseudoscalar (PP) and pseudoscalar- 
vector (PV) final states and involving only tree amplitudes. 
We next demonstrate, how the use of the corresponding 
vector-vector (VV) final state modes, resolves these prob- 
lems. The rich kinematics of the VV modes accessible via 
an angular analysis, provides a large number of observables 
which allows clean extraction of CP phases. 

As a first example, we consider the PP or PV final states, 
/ = D-n^iD*-n^). Both B" and can decay to these final 
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States and only one weak amplitude contributes. Hence, 
the amplitudes for these decay modes may be written as, 

A = Amp(B° f) = ae'^'e'"^' , (1) 
A' = AmpiB^ f) = /7e'*"e* . (2) 

where, (pa - and 0^ = -y. Because of B^-BP mixing, 
CP violation comes about due to an interference between 
the amplitudes B" f and B^ ^ f. Note that 

since both B^ and B" can also decay to /, one can mea- 
sure the four time dependent decay rates, r(B^(f) — > /), 

r(B° /), r(B^(f) ^ /) and r(B° ^ /). It is there- 
fore possible to determine the weak phase (p - (2/3 + y) [ 
|3l|4l. However, the decay amplitude, b « a and hence, 
the decay rate for r(B" — > D tt^) is expected to be small. 

The ratio, r(B° D-7r+)/r(BjJ D n^), is essentially 
\VubVlJVl^V„d\^ ^ 4 X 10-4. Obviously, it will be very dif- 
ficult to measure this tiny quantity with any precision, and 
therefore it would not be viable to caiTy out this method 
in practice. On the other hand, we will demonstrate that 
with the corresponding VV final states (D*'^p'^), one can 
extract sin^(2y6 + y) using an angular analysis, without the 
knowledge of the smaller amplitude [ 5 1 . 

The second example that we examine, is that of direct CP 

violation, in the modes: B^ D" K^, B^ D" n^. In 
this method [|6l, y is obtained from an interference of the 
mode B D^K with B — » which occurs if and only 
if, both and D" decay to a common final state /; in par- 
ticular, / is taken to be a CP eigenstate. This technique of 
extracting y requires a measurement of the branching ra- 
tio for B^ D^^K^ which is not experimentally feasible 
as pointed out in [ . Moreover, the CP violating asym- 
metries tend to be small as the interfering amplitudes are 
not comparable. The use of non-Cf eigenstates '/' has 
also been considered [(S) in literature. At wood, Dunietz 
and Soni (ADS) [0 extended this proposal by considering 
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'/' to be non-CP eigenstates that are also doubly Cabbibo 
suppressed modes of D. The two interfering amplitudes 
then are of the same magnitude resulting in large asymme- 
tries. Their proposal is to use two final states /i and /2 with 
at least one being a non-CP eigenstate. The use of more 
than one final state enables not only the determination of y, 
but also of all the strong phases involved and the difficult 
to measure branching ratio Br{B^ — > D^K^). However, 
an input into the determination of y is the branching ratio 
of the doubly Cabbibo suppressed mode of D. Here again, 
the VV final states, provide an alternative ['9]. (Some other 

plausible methods have also been recently proposed [ IQJ.) 

(— ) , (— ) „ 

The VV modes D K*'^, D p"^, enable extraction of y and 
all the unknowns involved, including the BR for Doubly 
Cabibbo-suppressed mode of D. 

2 Vector- Vector final state decay amplitudes 

The most general covariant amplitude for a B meson de- 
caying to a pair of vector mesons has the form [ .1 IJ 



A(B(p)^Vi(k,ei)V2(q,e2)) 



[a g^y + Pf,pv + i e^jva/j^"?^ I , 



m\m2 



m\m2 



(3) 



where, ei, 62 and m\, 1112 represent the polarization vectors 
and the masses of the vector mesons V\ and V2 respectively. 
The coefficients a, b, and c can be expressed in terms of the 
linear polarization basis Ay, and Aq as follows: 



All 



—xa - {x - \)b , 
V2fl , 



(4) 



V2(x2 



l)c. 



where x - k.ql{m\m2). If both mesons subsequently decay 
into two j'' - 0" mesons, i.e. Vi PiP\ and V2 -> P2P2. 
the amplitude can be expressed as [1^ 1121 



A(B Vi V2) oc (A° cos 01 cos 02 + 



A^ 
V2 



sin 61 sin 62 cos (p - i sin sin 62 sin <p), (5) 

V2 

where 01(6*2) is the angle between the P\{P2) three- 
momentum vector, ^i(^'i) in the Vi(V2) rest frame and the 
direction of total Vi {V2) three-momentum vector defined 
in the B rest frame, (p is the angle between the normals to 
the planes defined by PiP'j and P2P2^ in the B rest frame. 

3 Time dependent analysis in 5 ^ VV 

We consider a final state /, consisting of two vector 
mesons, to which both Z?" and B° can decay. If only one 
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= Amp{B^^ 








= AmpiB^ 




= b^e'^^'e''^" 


K 


= AmpiB'^ 


^Da -- 


-- b,e"'e-"^ 


A, 


= Amp(^ 


^f)A -- 





where the helicity index A takes the values {0, 



weak amplitude contributes to Z?" — > / and Z?" — > /, we 
can write the helicity amplitudes as follows: 

(6) 
(7) 
(8) 
(9) 

. In the 

above, (pa,h and (5^'* are the weak and strong phases, respec- 
tively. Using CPT invariance, the total decay amplitudes 
can be written as 

= AmpiB^ ^ /) = Aoga + Aygii + iA^g^ , (10) 

Jl^Amp(B^^f)^Aogo+A\\g\^-iA^g^ , (11) 

Ji' = Amp(¥> ^ /) = A'^go + A;,^!! - iA'^g^ , (12) 

^' = Amp(B'' ^ /) = A'^go + A[|g|| + / Al^^ , (13) 

where the g^ are the coefficients of the helicity amplitudes, 
defined using Eq. (|5} and depend only on the angles de- 
scribing the kinematics. With the above equations, the 
time-dependent decay rate for a decaying into the two 
vector-meson final state, i.e. B^Ht) — > /, can be written as 

nB\t) ^ /) = e-^' (a,^ + Z,^ cos(AMf) 

A<a- 

-p,i^sin(AMf))^i^^. (14) 

By performing a time-dependent study and angular analy- 
sis of the decay B"(f) one can measure the 18 observ- 
ables A,io-, E^o- and p,\a-. In terms of the helicity amplitudes 
Ao, A||, Aj^, these can be expressed as: 



Aj J = 



+ |A' I 



2jj — 



\Aa? - |A' |2 



2 2 
A^; = -Im(A^A;-AlA;*), A||o = Re(A||A*+A[|A;,*), 

= -Im(A^A;+AlA;*), 2||o = Re(A||AS-A[|A;,*), 
Pn = -Re(f[AlA; -^AMn), p,, = -Im(^ A^Al), 

Pllo-Im( i[A*A;,+A;Ap), p, ^In^^A-A;), (15) 

where / = {0, ||). In the above, qjp - exp(-2/0„), where 
(pM is the weak phase present in B^^-B^^ mixing. 

Similarly, the decay rate for B^it) — > / is given by 



- pia sin( AMf )) gAga ■ (16) 



Y{B\t) ^f)^e-"-^ ( A,„ + cos(AMf) 

A<cr 
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The expressions for these another 18 observables, A^o-, S^o- 
and Pact are similar to those given in Eq. il5\ . with the 
replacements — > A'-^ and A'j — > A^. 

Angular analysis is more powerful than previously real- 
ized. Due to the interference between the different helicity 
states, there are enough independent measurement that one 
can obtain weak phase information as we now show. First, 
we note that 

_ - _(aj+bj) _ _ _ (aj - b\) 

^AA - ^AA - 2 ' ~ -'^AA - 2 ■ ^^'^^ 

Thus, one can determine the magnitudes of the amplitudes 
appearing in Eqs. (|6j-(|5), a\ and b\. However, it must 
be stressed that the knowledge of will not be necessary 
within our method. 

Next, we have 

Aj^i = -Aj^, =/7j^/7,- sin(i5j^-5, + A,) - flj^fl/ sin(A,), 

Zj^,- = £j^, = -Z7j^Z7, sin(5j^-(y,+A,) - flifl, sin(A,), (18) 

where A,- = 6^- 6". and 6x = 5\- d^. Using Eq. ((THJ one 
can solve for 0^0, sin A, . We will see that this is the only 
combination needed to cleanly extract weak phase infor- 
mation. 

The coefficients of the sin(Amr) term, which can be ob- 
tained in a time-dependent study, can be written as 

p,u = ±a.i^.!sin(0-i-5,O, p^^ = +a,i/7^ sin(0-5,O, (19) 

where the sign on the right hand side is positive for A - ||, 0, 
and negative for A -±. In the above, we have defined the 
CP phase = -20„ + (pi,-<pa- These quantities can be used 
to determine 

r. , PAA+PAA . „ , PAA-pAA ,^„. 

2fc,iCos5^ = + ; — -, 2b^smSA = ± -■ (20) 



OA sm ( 



fl,i cos ^ 



Similarly, the terms involving interference of different he- 
licities are given as 

Pj_/ = -aj_biCos((f>+di-Ai)-aib±cos{(p+6±+Ai), 

pj_i = -aj_biCos((f>-6i+Ai)-aibj^cos{<p-6±-Ai). (21) 

Putting all the above information together, we are now in 
a position to extract the weak phase (p. Using Eq. i20\ . the 
expressions in Eq. (12 It can be used to yield 



pn +Pn — — cot fl,flx cos A 
—aiaj_ sin A,- 

pj_i —p±i — tan (paiaj_ cos A,- 
-aia± sin A; 



Pa + Pa Pxx + P± 



Pa - Pa _^ P±± - P± 



(22) 



Pii - Pa P±± - P±i. 



Pa + P/i _^ P±± + P± 



(23) 



In the above two equations: (i) p^a and pxa- are mea- 
sured quantities, (ii) the are determined from the re- 
lations in Eq. and (iii) a/a^ sin A,- is obtained from 
Eq. J18> . Thus, the above two equations involve only two 
unknown quantities, tan and a/a^ cos A,-, which can eas- 
ily be solved for (up to a sign ambiguity in each of these 
quantities). Hence, tan^ 4> (or, equivalently, sin^ (p) can be 
obtained from the angular analysis. 

Note that this method relies on the measurement of the in- 
terference terms between different helicities. However, we 
do not actually require that all three helicity components of 
the amplitude be used. In fact, one can use observables in- 
volving any two of largest helicity amplitudes. In the above 
description, one could have chosen '|| 0' instead of '± H' or 
'±0'. 

We now turn to specific applications of this method. Con- 
sider first the final states where, / = ±/. In this case, 
the parameters of Eqs. (|6}-(|9j satisfy - b^, 6"^ - (5* 
(which implies that Sa = 0), and <pa = -<pb (so that 
<p = -2<pM + '2<pb)- As described above, can be ob- 
tained from Eq. ilH . But now the measurement of paa 
[Eq. (I19H directly yields sin 0. In fact, this is the conven- 
tional way [ 13 1 of using the angular analysis to measure 
the weak phases: each helicity state separately gives clean 
CP-phase information. Thus, for such states, nothing is 
gained by including the interference terms. 

In order to have final states with only one weak amplitude, 
we consider states that do not receive penguin contribu- 
tions. The only such Cabibbo-allowed quark-level decays 
are b cud, ucd. The meson level examples of these are 
B"/B" D*~p^ ,D*^p . These are the VV counterparts of 
the PP/PV modes described in first example of section Q] 
As we have already emphasized in the discussion following 
Eq. Ml\ . none of the observables or combinations required 
for the analysis to extract sin^(2yS + y) are proportional to 
b\. Thus, we avoid the practical problems present in Duni- 
etz's method [ 3 1. 

The two decay amplitudes for the final states D*'^p'^ have 
very different sizes, i.e. bA ^ a a. This results in a 
very small CP-violating asymmetry whose size is approx- 
imately \VubV*j/V*i^Vud\ ~ 2%. Thankfully, the situation 
is alleviated by the large branching ratio for the decay 
B°^£)*-p+, roughly 1%. 

The Cabibbo-suppressed quark-level decays which do not 
receive penguin contributions are I? — > cus, ucs, at meson 
level these would correspond to B° D'^^K*", D'^K*^'' and 

B°^D*°K*°, with K*° and decaying to K^n^. 

However, in these modes one has the old problem of taggig 
the neutral D's [7J. 

One can also consider and decays, corresponding to 
the quark-level decays b — > cud, ucd, or I? — » cus, ucs. 
The most promising processes are the Cabibbo-suppressed 
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decay modes ^ D^^K*^. Here the B'j - B',' mix- 

ing phase is almost 0, so that the quantity sin^ y can be 
extracted from the angular analysis of B5(f) — » D'^K*"^. 
Other methods for obtaining the CP phase y using similar 
final states have also been studied r il4l . 



4 Direct Asymmetry in B ^ VV 

It is also possible to cleanly extract the weak phase y using 
only charged B"^ decays, by studying the angular distribu- 
tion [|9|. The decays B+ ^ D*°y+, B+ Z)^y+ and 
B D*°V-, B D^y- can be related by CPT. Con- 
sider D*°/D*^ decaying into D"7r"/^7r°, with D"/^ me- 
son further decaying to a final state '/' that is common to 
both D*' and D". / is chosen to be a Cabibbo-allowed mode 
of or a doubly-suppressed mode of D". The amplitudes 
for the decays of B^ and B to a final state involving / 
will be a sum of the contributions from D*" and D*", and 
similarly for the CP-conjugate processes. In this case one 
can experimentally measure the magnitudes of the 12 he- 
licity amplitudes, as well as the interference terms, lead- 
ing to a total of 24 independent observables. However, 
there are just 15 unknowns involved in the amplitudes: 

aA,bA,6''^,6'l,y,A and K; where, = J^$>^y and A is 

the strong phase difference between — > / and D° — > /. 
Hence, the weak phase y may be cleanly extracted. 

In addition, this technique has some interesting features: 

• The signals of CP violation can be obtained by 
adding B and B events, i.e, flavour tagging is not re- 
quired. 

• The CP violation signals are not diluted by the sine 
of strong phases. 

5 Conclusions 

We have presented new methods, that use angular analysis 
in B — > VV decay modes, to cleanly extract weak phases. 
Using modes which do not receive penguin contributions, 
the weak phases (2/3 + y) and y can be determined. We 
have shown that the quantity sin^(2y6 + y) can be cleanly 
obtained from the time dependent angular analysis study 
of the decays B°(0 — > D*^p'^, D*^d^ etc. Similarly, sin^y 

can be cleanly extracted from B^l{t) — > D*^K*^ , or simply 

(—1 „ 

from an angular analysis of the decay mode B^ — > D K*^ 
. The large number of data samples already collected for 
the B^(f) D*-p^ mode [ 15J, may enable, sin^(2/3 + y) 
to be the second clean measurement, after sin 2y6, to be per- 
formed at B-factories. 
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